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Abstract The phylogenetic diversity of ammonia-oxidizing
archaea (AOA) was surveyed in the surface sediments from
the northern part of the South China Sea (SCS). The
distribution pattern of AOA in the western Pacific was
discussed through comparing the SCS with other areas in
the western Pacific including Changjiang Estuary and the
adjacent East China Sea where high input of anthropogenic
nitrogen was evident, the tropical West Pacific Continental
Margins close to the Philippines, the deep-sea methane seep
sediments in the Okhotsk Sea, the cold deep sea of
Northeastern Japan Sea, and the hydrothermal field in the
Southern Okinawa Trough. These various environments
provide a wide spectrum of physical and chemical conditions
for a better understanding of the distribution pattern and
diversities of AOA in the western Pacific. Under these
different conditions, the distinct community composition
between shallow and deep-sea sediments was clearly delin-
eated based on the UniFrac PCoA and Jackknife Environ-
mental Cluster analyses. Phylogenetic analyses showed that a
few ammonia-oxidizing archaeal subclades in the marine
water column/sediment clade and endemic lineages were
indicative phylotypes for some environments. Higher phylo-
genetic diversity was observed in the Philippines while lower
diversity in the hydrothermal vent habitat. Water depth and
possibly with other environmental factors could be the main
driving forces to shape the phylogenetic diversity of AOA
observed, not only in the SCS but also in the whole western
Pacific. The multivariate regression tree analysis also sup-
ported this observation consistently. Moreover, the functions
of current and other climate factors were also discussed in
comparison of phylogenetic diversity. The information
collectively provides important insights into the ecophys-
iological requirements of uncultured ammonia-oxidizing
archaeal lineages in the western Pacific Ocean.
Introduction
The aerobic microbial ammonia oxidation as the first step
of nitrification plays a pivotal role in the global nitrogen
cycle because of its wide distribution on the earth not only
in the marine ecosystems but also terrestrial environments,
carried out by ammonia-oxidizing bacteria (AOB) and
ammonia-oxidizing archaea (AOA) [55, 62]. Since the
recognition of AOA which have been proven to be one
separated lineage Thaumarchaeota from Crenarchaea line-
ages [5, 59], this microbial group has been found in a wide
variety of habitats including marine water column and
sediments [11, 15, 40, 42, 53, 65], the marine sponge [3,
38], soils [21, 30, 45, 54, 69], freshwater and sediments
[26, 37, 67], estuaries [6, 14, 43, 51, 52, 65], hydrothermal
vents [63] and hot springs [17, 24, 31, 66, 68], activated
sludge [58], and groundwater systems [50]. Our knowledge
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DOI 10.1007/s00248-011-9901-0of this type of ammonia oxidizer has expanded rapidly, and
more and more studies have been focused on the commu-
nity structure and abundance of AOA in seawater and
sediments all over the world [4, 19]. The wide distribution
indicates a likely critical role of them in the N cycle in
marine ecosystems. However, our understanding of AOA in
the marine sediments is still inadequate.
The ecological features of AOA in the surface sediments
of western Pacific Ocean are largely unknown. A few
studies have detected this type of microbes in the western
Pacific [13, 14, 44, 46]. The quantities and diversity of
AOA and AOB amoA genes in the northeastern Japan Sea
showed that AOA amoA gene sequences from the water
column fell into the Deep Marine Group, while most
sequences from pelagic brown sediment were not closely
related to any known sequences from the GenBank [44].
The sedimentary AOA diversity, community structure, and
spatial distribution in the Changjiang Estuary and the
adjacent East China Sea (ECS) shifted along the
Changjiang freshwater flow path [14]. It was concluded
that the deep-sea sediment of the tropical west Pacific
Continental Margin potentially harbors diverse and novel
AOA [13]. However, without the information from the
largest marginal sea, specifically the South China Sea
(SCS), it is difficult to form a general view about AOA. The
archaeal diversity and distribution along thermal and geo-
chemicalgradientsinhydrothermalsedimentsattheYonaguni
Knoll IV hydrothermal field in the southern Okinawa Trough
were also investigated [46]. These studies in the western
Pacific provide an opportunity to combine results from all
these studies to form a comprehensive understanding about
the ecological distribution pattern of AOA in the western
Pacific Ocean.
In the present study, through employing amoA gene as a
functional genetic marker, the phylogenetic diversity and the
spatial distribution of AOA were surveyed in the northern
part of the SCS, which is featured as a deep rhombus-shaped
basin in the eastern part and connecting channels, e.g.,
Luzon Strait, Taiwan Strait, and compared with a selective
areas, estuary, continental shelf, slope, deep sea with
methane in the western Pacific including Changjiang Estuary
and ECS, the deep-sea methane seep sediments in the
Okhotsk Sea, the Southern Okinawa Trough, the tropical
West Pacific Continental Margins, and the Northeastern
Japan Sea to find the dominated lineages and general view
about the spatial distributions of AOA in the surface
sediments of the western Pacific Ocean. Here, through
detections of AOA in the northern SCS and comparison
with other ocean ecosystems mentioned above, some general
view about distribution of AOA in the western Pacific Ocean
sediments might be concluded, and the function of some
channels, e.g., Luzon Strait and Taiwan Strait, to shape the
AOA community structure could also be discussed.
Materials and Methods
Sampling and Molecular Experiments
Sampling of sediments was conducted aboard the R/V
Shiyan No. 3 during a South China Sea Open Cruise in
2008. A total of seven surface sediment samples were
collected from the northern part of the SCS (Fig. 1). Sites
201 and 525 are located in the margin area of the northern
part of the SCS and are close to the mainland of China,
while site 201 is adjacent to Taiwan Strait. Samples CF5
and 08CF7 were collected from the cold deep sea, site 510
from the upwelling system. Cold deep-sea sites 407 and
425 located in the Luzon strait are close to the Philippines.
The environmental physical and chemical parameters of
these sites were reported elsewhere [7, 8, 10, 36].
One pair of polymerase chain reaction (PCR) primers
(Arch-amoAF: 5′-STAATGGTCTGGCTTAGACG-3′ and
Arch-amoAR: 5′-GCGGCCATCCATCTGTATGT-3′)[ 19]
was employed to amplify archaeal amoA gene from the total
genomic DNA extracted from sediment samples using the
SoilMaster DNA Extraction kit (Epicentre Biotechnologies,
Madison, WI, USA) as described before [7–10, 36]. Besides
the sequences obtained from this current study, other archaeal
amoA gene sequences were retrieved from the GenBank
based on the published information [8, 13, 14, 44, 46].
Phylogenetic and Statistical Analyses
All of the amoA gene sequences retrieved from the present
study were transferred into MEGA 5.0 to edit [60]a n d
combined with the most similar amoA gene sequences
downloaded from GenBank including the sequences from
other sites in the SCS based on the reference information
available [8]. And then the alignment file was constructed
using Clustal X 1.81 in MEGA 5.0 [60]. Phylogenetic trees
were constructed using neighbor-joining criterion in MEGA
5.0 [60] with 1,000 bootstrap tests for every node.
Rarefaction analysis, the nonparametric richness estimator
(Chao1 and Shannon), and Simpson diversity index were
carried out for the gene sequences retrieved from samples in
the SCS using DOTUR, and operational taxonomic units
(OTUs) were calculated based on a 5% distance cutoff [57].
Principal coordinates analyses (PCoA) and Jackknife
Environment Clusters analyses were conducted in an online
software UniFrac (http://bmf2.colorado.edu/unifrac/index.psp)
[39] which employs the genetic distances to evaluate the
community similarity based on the gene sequences data. The
archaeal amoA gene sequences from the SCS surface
sediments were classified on the basis of the environmental
variables. The environment cluster tree was projected in
MEGA 5.0 [60]. Canonical correspondence analysis (CCA)
was executed in CANOCO 4.5 to determine the correlations
814 H. Cao et al.between archaeal amoA gene sequence community composi-
tions and physical and chemical parameters [61]. In addition,
Pearson moment correlations were also conducted with
Microsoft Excel to relate the physical and chemical factors
with the diversity and richness indices of the archaeal amoA
genes.
Comparative Analyses between the SCS and Other Habitats
in the Western Pacific
Comparisons were made between six different types of
habitats,includingtheSCScoast,SCSdeepsea,thePhilippine
deep sea, ESC and Changjiang Estuary, Northeastern Japan
Sea, and Hydrothermal fields. All of the archaeal amoA gene
sequences from the habitats mentioned above and those from
the present study were combined with the most similar
sequences downloaded from GenBank and imported into
MEGA 5.0 to align using Clustal X1.81 [60]. The phyloge-
netic tree was constructed using neighbor-joining criteria to
explore the phylogenetic diversity of AOA lineages in the
western Pacific Ocean. PCoA and Jackknife Environment
Clusters analyses were also employed to conduct community
similarity analyses based on the genetic distances and
phylogenetic relatedness from all archaeal amoA gene
sequences in the researched areas through UniFrac [39]. To
assess the sources of variations in the UniFrac matrix,
permutational MANOVA based on 1,000 permutations [41]
with function adonis in vegan package [47] was used.
To compare the phylogenetic diversity between different
habitats, all sequences from the different habitats were
clustered and homogenized at 95% identity threshold through
DOTUR analyses, ended with six clone libraries affiliated to
the six different habitats (Supplementary Table S1). Jackknife
Environment Clusters analysis was conducted to compare
the community similarity on the basis of six clone libraries
data via UniFrac [39]. Phylogenetic diversity (PD) indices for
each of the six habitats were calculated as the sum of the
branch length associated with the amoA gene sequences
within each habitat [18], and the mean PD of 1,000
randomized subsamples of each habitat was calculated to
correct for unequal number of sequences [1]. Another index,
the phylogenetic species variability (PSV), which quantifies
how phylogenetic relatedness decreases the variance of a
hypothetical neutral trait, was calculated to estimate the
phylogenetic structure with the R package picante [1, 25, 33].
The potential environmental factors that could affect the
community structures in the variable surface sediments of the
western Pacific were deduced through a Multivariate Regres-
sion Tree (MRT) analysis with the R package mvpart [1, 16],
based on the observed subclades in the above phylogenetic
analysis. Because of the heterogeneity of environmental
parameters in different studies, a coding for them was used
so as to be comparable (Supplementary Table S1). OTUs as
the assemblages were related to the environmental matrix.
Nucleotide Sequences Accession Numbers
The archaeal amoA gene sequences retrieved in this study
from the seven surface sediment samples were deposited in
GenBank with the accession numbers from JF924520 to
JF924865.
Results
Environmental Parameters and the Diversity and Richness
of amoA Gene Sequences
The environmental features of the surface sediments in
these investigated sites are summarized in Table 1. The
seawater depth above sediment ranged from 30 m at site
201 located in the coastal area to 1,900 m at site 407, which
Figure 1 Sampling map of
surface sediments in the
northern SCS
Ammonia-oxidizing Archaea in Western Pacific 815is the deep-sea margin. The temperature could be divided
into two distinct groups: cold and warm. Within the seven
sites, site CF5 exhibited extremely high concentration of
inorganic nitrogen, especially NH4
+, site 201 showing the
second highest. Among these samples from the present
study, the higher diversities of amoA gene were shown at
sites CF5 and 407, while the lowest one was at site 525
based on a group of indices (Table 1). Within each site
clone library, the number of OUT showed high variability
from 10 to 27 on the basis of the rarefaction analysis
(Fig. S1).
Phylogenetic Analysis of Archaeal amoA Gene in the SCS
Surface Sediments
Based on the phylogenetic analysis on all the sequences
from the surface sediments in the western Pacific and the
sequences from one former study in the northern SCS
(Figs. 2 and S3), a comparatively slim soil/sediment clade
was evident, while most sequences clustered into the
marine water column/sediment clade. The sequences in
the soil/sediment clade were from sites 407 (ca. 7), 525 (ca.
17), 201 (ca. 3), and 08CF7 (ca. 1), and they shared higher
similarity with those mostly from the tropical West Pacific
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Figure 2 Phylogenetic tree based on archaeal amoA gene sequences
from the variable surface sediments in the western Pacific and most
similar sequences using the neighbor-joining criterion. Filled circles at
the nodes represent the significant bootstrap values (>50) through 500
resampling test. Branch lengths correspond to sequence differences as
indicated by the scale bar
816 H. Cao et al.Continental Margin sediment [13] and some retrieved from
ESC [14] or the Bahia del Tobari Mexico Gulf [19]
(Fig. S3).
In the marine water column/sediment clade, most of the
sequences could be grouped with the closest lineages. Six
subclades were identified in the present phylogenetic tree
based on the phylogenetic analyses of all the sequences in
the western Pacific and most similar sequences as refer-
ences (Figs. 2 and S3). Clade IA was mostly constituted
with sequences from the northern SCS surface sediments
and also included some sequences from other environ-
ments. In Clade IB, sequences were mostly retrieved from
the shallow surface sediments of the northern SCS and ESC
[14]. A few sequences from the deep-sea site CF5 and some
from the San Francisco Bay and Bahia del Tobari Mexico
Gulf [19] were also included in this clade. Clades IC and
Clade ID were mixture clades including sequences
shared by the deep-sea and shallow marine surface
sediments. Clade IE also consisted of sequences from
the deep-sea sediments, the tropical West Pacific Conti-
nental Margin sediment [13], Okhotsk cold deep-sea
sediments [15], a few sequences from the hydrothermal
vents sediments in Southern Okinawa trough [46], and
Juan de Fuca field hydrothermal vents [63]. Most sequences
in Clade IF were retrieved from the hydrothermal vents and
deep-sea sediments and rooted in the marine water column/
sediment clade.
Two groups were identified in the UniFrac analyses
(Figs. 3 and S4). All the shallow samples were clustered
together and separated with another group containing all the
samples from the deep-sea sediments. In each group, the
lower statistical support indicated that the similarity
between the samples within the same group was higher.
These two groups supported that depth and the resulting
temperature might be the important factors to shape the
distinct AOA lineages. Although no single factor was
distinguished to determine the diversity of archaeal amoA
gene in the Pearson moment analyses (Table S2), CCA
could compensate for the lack of information in the Pearson
moment analyses. Depth and temperature were proposed as
the main contributors for the diversity of archaeal amoA
gene (Fig. 4). The concentration of inorganic nitrogen
contributed to the distribution of the deep-sea sediments,
especially for 407, 702, 425, and CF5, while the separation
of 704 was a result of the concentration of nitrite (Fig. 4).
Community of AOA Based on Phylogenetic Diversity
in the Western Pacific
Samples from 43 archaeal amoA gene clone libraries were
clustered on the basis of the phylogenetic community
similarity (Figs. 5 and S5). Shallow marine sediments were
clearly separated from the deep-sea and hydrothermal vent
sediments (Figs. 5 and S5), and depth was the strongest and
the only significant environmental factor. Although the
statistical support was not strong enough, two groups were
present in the UniFrac analyses as in the former analyses
constrained to the SCS (Figs. 5 and S5). All the shallow
samples including SCS and ESC grouped together, while all
the samples from the SCS clustered together, and ESC
samples divided into two sub-groups (Figs. 5 and S5).
Sample 201 shared higher similarity with those from ESC
than with others from SCS. All the deep-sea sediment
samples were separated from the shallow samples and
formed another group. The deep-sea samples from the SCS
shared higher similarity with those from the Philippine deep
seathanNorthernJapanSeaandOkhotskSea(Figs.5 and S5).
These two groups as shown in the UniFrac analyses of the
S C Sw e r ea l s op r o p o s e dt ob ea f f e c t e db yd e p t ha n dt h e
Figure 3 Hierarchical clustering analysis (UPGMA algorithm with
Jackknife supportingvalues) for the archaeal amoA gene sequences from
the whole northern SCS based on the online UniFrac software
Figure 4 CCA ordination plots for the physicochemical parameters and
the ammonia oxidizing archaeal lineages represented by amoA gene
sequences
Ammonia-oxidizing Archaea in Western Pacific 817resulting temperature. A MRT analysis was carried out in
order to link the abundance of the lineages to environmental
data. The analysis showed a two-leaf tree ordination primarily
based on their origin environments, deep sea vs. shallow
water (Fig. S6).
Rarefaction curves (Fig. S2) and diversity indices were
determined for the six types of habitats (Fig. 6). PD values
were higher in the Philippine deep-sea sediments and the
ESC, whereas hydrothermal vents hold the lowest PD value
(Fig. 6). Particularly, the Philippine deep sea and the ESC
showed the highest PSV values (that is, more over-dispersed),
whereas SCS coast, hydrothermal vent, and Okhotsk Sea with
the lowest (that is, more phylogenetically clustered).
Discussion
Molecular Ecological Pattern of AOA in the Northern SCS
The surface sediments of coastal, deep sea, upwelling, and
estuarine were used to delineate the ecological pattern of
AOA lineages so as to gain a comprehensive understanding
about this newly known ammonia-oxidizing prokaryote in
the SCS. A few features could be derived from the present
analyses. Firstly, the soil/sediment clade lineages were
absent in most samples from the SCS surface sediments
except for a few clones retrieved from sites 201, 407,
08CF7, and 525, but site 525 contributed to the most clones
(ca. 17), indicating this site was mostly affected by
terrestrial influence. Similar to reported studies, only
lineages related to the marine water column/sediment clade,
but not the soil/sediment clade related lineages, was
detected at deep-sea hydrothermal fields of the Southern
Mariana Trough [32], or a small number of the marine
water column/sediment clade-related lineages was present
in the present study. This could be resulted from the fact
that these samples without soil/sediment clade lineages
were not affected by the terrestrial influence. In contrast,
samples 201, 407, and 525 could be affected by the
terrestrial influence as the soil/sediment clade of AOA was
detected. Another possibility is the bias of the PCR primers
used which might not be efficient enough to amplify all
AOA lineages inhabiting in this environment because of the
lower similarity between the potential soil/sediment line-
ages and the known sequences deposited in the GenBank,
which were used to design the primers in this study.
Improvement in sensitivity of detection methods could
Figure 5 Hierarchical clustering analysis (UPGMA algorithm with
100 replicates Jackknife supporting test) for the all archaeal amoA
gene sequences from the western Pacific represented every clone
library according to the online UniFrac software
Figure 6 Hierarchical clustering analysis (UPGMA algorithm with 100
replicates Jackknife supporting test) for the all amoA gene sequences
from the western Pacific represented six different habitats calculated by
the online UniFrac software. The number of sequence (n), number of
libraries (Nlib), phylogenetic diversity with SD (PD±SD), and
phylogenetic species variability (PSV) in each habitat are given. SD
for PSV index was 0.001 for all habitats
818 H. Cao et al.resolve this problem including the use of pyrosequencing
[35] or new genetic markers, e.g., nirK (nitrite reductases)
[2] and hcd (putative 4-hydroxybutyrate-CoA dehydratase)
genes [48, 69].
In the study areas, based on the UniFrac and CCA
analyses, two psychrophile and mesophile groups could be
distinguished. Water depth and the associated temperature
might be potential important factors to drive the distribution
patterns of these two large groups of AOA. In the marine
water column/sediment clade, most of the sequences could
be grouped with their closest lineages in the phylogenetic
tree. Six subclades were identified in the present phyloge-
netic tree based on the analyses of all sequences in the
western Pacific and closest sequences from other environ-
ments. Except for the Clade 1F, the AOA lineages were
broadly distributed into all other clades in the marine water
column/sediment clade indicating the marine features. Both
psychrophile and mesophile detected in this study could be
grouped with the relatives distributed in other sediments of
the Pacific, indicating some geographical factors could be
responsible for this similarity [13, 14]. For example, in
Clade IB, the sequences were mostly retrieved from the
shallow surface sediments in the northern SCS and ESC
[14]. Some endemic lineages were also present in the SCS,
e.g., some lineages in Clade IA indicating the geographical
distance resulting in the observed differences from other
environments. However, no sequence from the SCS was
affiliated with the base subclade (Clade 1F), which
included sequences retrieved from the hydrothermal
vents in the marine water column/sediment clade. It
seems that the different geographical distribution of the
AOA lineages in the SCS may be related to the history of the
environments.
General Features of AOA in the Western Pacific
Though studies have been carried out to explore the
diversity or the abundance of AOA in the western Pacific
[7, 8, 13–15, 32, 44], the scattered information could not
provide a concrete comprehensive view about this newly
revealed group of microorganism. For the first time, results
from different studies in the western Pacific were gathered
and analyzed to discuss the molecular ecological patterns of
the AOA, and this could provide a model to investigate the
role of AOA in the marine ecosystem.
As in the analyses of sequences from the SCS, the soil/
sediment clade was slimly present in the whole phylogenetic
tree. The highest phylogenetic diversities of AOAwere found
inthePhilippinedeep-seasedimentsandtheESC,whichwere
affected by the terrestrial discharges, e.g., the Changjiang
Estuary and the Philippines Island. Previous studies indicated
that the AOA communities in terrestrial environments are
distinct from those in marine environments [49], whereas
other studies indicated that estuaries and coasts might harbor
mixed populations of AOA from soil and sediment sources
[4, 14]. The deposition of archaea from terrestrial source
couldpotentiallyexplaintheexistenceoftheputativeterrestrial
or estuarine AOA-related sequences in some of the deep-sea
sites [13]. The lowest PD values of hydrothermal vents
sediments suggest that the phylotypes were constrained and
were mostly endemic or thermophilic (Fig. 6). The hydro-
thermal vent environments were grouped into the deep-sea
sediments group, indicating that the ammonia-oxidizing
archaeal lineages exhibited higher deep-sea features than the
thermophilic feature.
A number of factors could be responsible for shaping the
diversity and distribution patterns of AOA. Firstly, sedimen-
tological conditions including pH values, temperature,
nutrient, organic matter contents, O2 concentrations, and
pore-water redox may play an important role affecting the
ecological distribution patterns [13–15, 29, 40]. However, as
the environmental parameters were highly variable in
different studies, it was impossible to carry out the same
multivariate statistic analysis on all of them. One MRT
analyses was employed, and the water depth was singled out
to be a potential important factor. On the other hand,
currents, tides, upwelling, hydrothermal vents, water mix-
ture, and the intensity and dynamics of these activities may
also influence the sediment AOA assemblages [15]. In this
area, current in the Taiwan Strait and the Philippines should
not be ignored [13]. However, the relationships between
AOA communities in the marine surface sediments and the
ecological conditions still need further confirmation. About
the thermophilic AOA [17, 24, 32, 68] and the comprehen-
sive review about AOA [49], the basic position of AOA in
the whole phylogeny and the marine water column/sediment
clade indicates a thermophilic evolutionary history of AOA,
and this could shed light on the evolutionary study of
ammonia oxidation. Otherwise, some geothermal events, for
example, volcanoes, hydrothermal vents, or hot geofluids
from deep subsurface biosphere or oil reservoirs, might be
responsibleforsomedispersalofthermophilicmicroorganisms
to the deep-sea surface sediments [27, 28].
Shallow Marine AOA in the Western Pacific
In the AOA community cluster analysis, the marine surface
sediment cluster of shallow water was grouped together and
in the shallow marine groups and the SCS coastal marine
samples shared high similarity with some from the ESC
than with other deep-sea sediment samples. These two
habitats with shallow water shared some lineages as shown
in the phylogenetic analysis, e.g., Clade 1A (Figs. 2 and
S3). In a former study, the current influence from the
Taiwan Strait was not strong [14], but the UniFrac analysis
indicated that site 201 close to the Taiwan Strait was
Ammonia-oxidizing Archaea in Western Pacific 819grouped together with samples from the ESC, indicating the
higher phylogenetic similarity between them (Figs. 5 and
S5). One possible explanation was that the Taiwan Strait
current might be responsible for the similarity between site
201 and the ESC samples through carrying them into the
mixing zone between them or the close geographical
distance between them resulting in such phylogenetic
similarity.
The continental margin is the most important interface
between the terrestrial and marine environments, especially
in the cycling of nutrients [19]. SCS is the largest marginal
sea in the western Pacific with a deep section named China
Sea Basin, which is surrounded by broad continental
shelves less than 100 m in depth and the margin areas
from an important interface of the terrestrial and marine
environments. The AOA community at this area might be a
mixed population of both soil/sediment clade, and marine
water column/sediment clade. However, only site 201
showed the soil/sediment-related AOA resulting from the
long distance transport from the shore or estuaries of other
shallow sites in the SCS. On the other hand, the ECS close
to the Changjiang estuary mixing zone harbored a distinct
AOA community including the soil/sediment-related AOA
lineages [14]. The distribution of AOA communities
correlated significantly with the gradients of surface water
salinity and sediment sorting coefficient. The spatial distribu-
tion of putative soil-related AOA in certain sampling stations
indicated a strong impact of Changjiang freshwater discharge
on the marine benthic microbial ecosystem [14]. Besides the
freshwater, nutrients, organic matter, and suspended particles,
the Changjiang water might also contribute to the transport
of terrestrial source archaea into the marine water column
and sediments in the mixing zone along its flow path [14].
This could explain the existence of the putative soil-related
AOA lineages in the coastal sedimentary environments.
Deep-cold Sea Lineages in the Western Pacific
AOA may contribute to the deep-sea nitrate reservoirs [34],
but their ecological features were largely undetected for
most of the deep-sea sediments of the oceans [15]. A few
deep-sea sediments were compared in this study to
understand the ecological pattern of psychrophilic AOA
including the SCS deep sea, the Philippine deep sea, and
the Northern Japan deep sea (Okhotsk sea and another one
in Northern Japan Sea). The hydrothermal vents samples
were buried into the deep-sea group (Fig. 6). Recent studies
also showed that diverse and unique AOA lineages could
inhabit in the continental margin deep-sea sediments
[13, 44]. By comparison, AOA phylogenetic diversity was
higher in the Philippines cold deep-sea sediments than that
of the hypernutrified subtropical Bahía del Tóbari Estuary
[4], and similar to the temperate Changjiang estuary and its
adjacent East China Sea (Fig. 6), indicating in the tropical
West Pacific Continental Margin, the stations in the
Philippines inland seas (including station 3043) contained
AOA of various terrestrial sources, whereas the other
stations connected directly to the open Philippine Sea
showed AOA dominated by marine origin [13, 14]. Ocean
current may have a significant impact on the regional
marine ecosystem, as the Philippine Sea is a marginal sea of
the West Pacific and the Kuroshio Current, the largest
western boundary current of the Pacific Ocean [13]. The
importance of climatic events in the transport of terrestrial
microorganisms to the deep-sea sedimentary environments
is almost totally neglected previously. However, the present
study show that most AOA lineages have their closest
relatives in the northern SCS, indicating that these lineages
could be the endemic ones found in the western Pacific, not
only in the Philippines alone.
Okhotsk Sea represents of another type of deep-sea
sediments, which is a marginal sea located on the continental
slope offshore Sakhalin Island in the northwestern Pacific
Ocean and is one of the largest reservoir of methane hydrates
in the world [20]. Although the cold seep sediments may
have a limited O2 supply, archaeal amoA genes were detected
with lower diversity and abundance [15]. Through the
present comparative analysis, the diversity in this area was
similar to the SCS deep-sea sediments and higher than the
hydrothermal vent sediments (Fig. 6). In a former study,
AOA lineages from this area were affiliated to the GenBank
sequences originally obtained from deep-sea hydrothermal
vents and were proposed that the related AOA lineages
either have a wide range of temperature adaption or they
have a thermophilic evolutionary history in the modern cold
deep-sea sediments of the Okhotsk Sea [15]. This is
consistent with the current study in which the samples from
the hydrothermal vent sediments were clustered with the
other deep-sea habitats (Fig. 6). As in the former study, most
of the amoA sequences shared highest similarity with those
retrieved from these western Pacific areas in the present
study [15], especially the sequences from the Philippine
deep-sea sediments sequences (68.3%) [13], consistent with
the present study (Fig. 6). Though a few studies have
explored the ecology of AOA in the deep-sea sediments, the
physiology of AOA is less known in the O2-limited
environments, considering they are better known as the
aerobic AOA [12, 13, 15, 32, 34, 44, 63]. Another point is
that the hydroxylamine oxidoreductase encoding hao gene
responsible for the ammonia oxidation step is absent in the
genome of AOA [22, 23, 64], but the nitrite reductase gene
nirK has been identified widely in AOA [2, 55]. Based on
such information, recent available genomic data of Nitro-
sopumilus maritimus indicated that nitroxyl could also serve
as electron acceptor in a similar way as O2 to compensate for
the less availability which differs from the HAO employed in
820 H. Cao et al.AOB [56, 64]. Additionally, a few endemic psychrophilic or
O2-repressed AOA lineages have been found, especially
from the Northern Japan deep sea showing larger genetic
distance with others from the water column/sediment clade,
indicating the psychrophiles could adapt to these habitats and
could provide evolutionary significance through adaptive
evolutionary analysis in future.
Conclusions
The marine water/sediment dominant distribution and a few
habitat-specific AOA subclades were identified in the AOA
clade of the phylogenetic tree. The distinctness of commu-
nity composition between shallow and deep-sea sediment
was observed, indicating the water depth and associated
temperature could be the main factors resulting in the
present phylogenetic diversity of AOA. Higher phyloge-
netic diversity was observed in the Philippines while lower
diversity in the hydrothermal vent habitat. Additionally,
current and other climate factors could also contribute to
the AOA distribution patterns based on comparison of
phylogenetic diversity. The current research provides a
comprehensive understanding the AOA in the western
Pacific and set an example for the study of the AOA in the
whole marine environments.
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